H I G H L I G H T S
• AnMBR exhibited higher stability than the UASB to overcome high salinity.
• Long-term calcium wash-out led the UASB to failure at 26 gNa + L −1 .
• UASB showed lower species evenness and methanogenic activity than the AnMBR.
• AnMBR exhibited a phenol removal of 96% at 26 gNa + L −1 .
• High salinity significantly decreased biomass particle size in both reactors.
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AnMBR UASB Salinity Phenol Microbial dynamics Deflocculation A B S T R A C T Anaerobic membrane bioreactors (AnMBRs) offer an attractive option for treating industrial wastewaters under extreme conditions that might hamper granulation, biomass retention and reduce biological activity. This study assesses the long-term performance of an upflow anaerobic sludge blanket reactor (UASB) and an AnMBR treating highly saline phenolic wastewater. Analysis of bioreactor conversion, biomass characteristics and microbial community dynamics under increasing sodium and phenol concentrations is presented. The results demonstrated that compared to the UASB, the AnMBR process exhibited higher stability, likely due to its enhanced biomass retention. The AnMBR retained specialized microorganisms under increasing influent concentrations of phenol up to 5 gPh·L −1 and salinity up to 26 gNa + ·L −1 . In contrast, when the UASB reached this high influent phenol and high sodium concentration, deflocculation of biomass, apparently due to calcium leaching, was observed leading to a severe conversion capacity loss. Microbial community dynamics showed higher species evenness in the AnMBR compared to the UASB, leading to a higher methanogenic ability to respond to disturbances such as high phenol and sodium concentration increases. These findings highlighted the promising features of AnMBR technology, in widening the application potentials of high-rate anaerobic wastewater treatment and overcoming specific challenges in the treatment of chemical wastewater streams under extreme environmental conditions such as high salinity.
Introduction
The current challenges of industrial wastewater treatment include degradation of a large variety of contaminants such as phenols and other aromatic compounds under high salt concentrations typical of olive oil mills, oil refineries, textile, coal gasification, and petrochemical industries [1, 2] . Research on both aerobic [3, 4] and anaerobic [5, 6] treatment technologies are dealing with these types of wastewaters with emphasis on the limitations associated with high salinity or phenol toxicity. From the two alternatives, high-rate anaerobic treatment receives major interest owing to its positive energy footprint and other advantages associated with it. Sludge bed based technologies such as the upflow anaerobic sludge blanket (UASB) reactor, are thus far considered the most cost-effective at industrial scale for chemical wastewaters [7] . In order to apply high organic loading rates and improved hydraulic mixing e.g. by effluent recycling, a proper sludge granulation process is of eminent importance in sludge bed reactors treating these wastewaters. Moreover, as a result of mass transfer limitation phenomena, the granule structure will protect functional microorganisms at the core of the granule from inhibitory and toxic pollutants [8] . Sludge granulation is difficult to accomplish at high salinity because salinity reduces microbial growth and induces the disintegration of flocs and granules leading to a prominent biomass wash-out and induces the disintegration of flocs and granules leading to a prominent biomass wash-out [9, 10] . However, thanks to the presence of an absolute barrier, the achievable treatment efficiencies in anaerobic membrane bioreactors (AnMBRs) are independent of sludge settling properties or sludge granulation. The solids retention time (SRT) in AnMBRs is fully governed by the sludge discharge, giving ample possibilities for enrichment with specialized microbial consortia [11] . AnMBRs are generally equipped with Ultrafiltration (UF) membranes, which additionally offer high-quality effluents free of solids, facilitating downstream water recovery [12] . Therefore, regardless their increased costs, AnMBRs may offer an attractive option for treating industrial wastewaters under extreme environmental conditions that hamper granulation, effective biomass retention and reduced biological activity [7] , such as high salinity and the presence of toxic compounds [13] .
To the best of our knowledge, only two studies have attempted to treat highly saline phenolic wastewater using high-rate anaerobic technologies [14, 15] . Wang et al. [14] In order to determine which type of reactor system, UASB or AnMBR, would be more suitable for treating chemical wastewaters under extreme conditions, a comparative study was performed in which both reactor systems were exposed to the same extreme sodium and phenol loadings conditions. It is hypothesized that by increasing both the sodium and phenol influent concentrations the capacity limits of either system will be reached. A UASB reactor is fully dependent on active well-settling or granular biomass, whereas the suspended biomass in the AnMBR system might become more susceptible for increasing phenol concentrations in the bulk of the reactor broth. However, since all biomass is retained in an AnMBR, the latter could be overcome by in-situ bioaugmentation of the proper phenol degrading consortia. A phenomenon that is likely less apparent in a UASB where the biomass is prone to wash-out. In the present comparative study, the treatment performance of both a UASB and a completely mixed AnMBR under increasing sodium and phenol influent concentrations is assessed. In addition, a comprehensive analysis of the properties of the two types of biomass coming from both reactors, i.e, granular and suspended, was performed, whereas the microbial community dynamics and diversity was analyzed. 
Material and methods
Reactors configuration and operation
The experiments were performed using laboratory scale AnMBR and UASB reactors, both with an effective volume of 7 L. A schematic diagram of the reactor configurations is depicted in Fig. 1 
Inoculum source and synthetic wastewater composition
The two reactors were inoculated with mesophilic anaerobic biomass obtained from a full-scale UASB reactor (Shell, Moerdijk, The Netherlands). The synthetic wastewater consisted of sodium acetate (C 2 H 3 NaO 2 ), and phenol (C 6 H 6 O) with varying concentrations according to the applied phenol loading rates (PhLR). Table 2 ). The chemical reagents were of analytical grade.
Permeate characterization
Phenol and COD analysis
Phenol concentrations were measured using high-pressure liquid chromatography HPLC LC-20AT (Shimadzu, Japan) equipped with a 4.6 mm reversed phase C18 column (Phenomenex, The Netherlands) and a UV detector at a wavelength of 280 nm. The mobile phase used was 25% (v/v) acetonitrile at a flow rate of 0.95 mL min −1 . The column oven was set at 30°C. Quick phenol measurements were done by Merck -Spectroquant® Phenol cell kits using a spectrophotometer NOVA60 (Merck, Germany). Hach Lange kits were used to measure chemical oxygen demand (COD). Corresponding dilutions were made to avoid measurements interference by high salinity. The COD was measured using a VIS -spectrophotometer (DR3900, Hach Lange, Germany).
Calcium and sodium profiles from permeate and biomass matrix
Calcium and sodium effluent concentrations were measured by Ion Chromatography (IC 883 -Basic IC Plus, Metrohm, Switzerland) with a Metrosep C4 -150/4.0 column and Metrosep RP2 Guard/3.5 guard column and as eluent 3 mM HNO 3 (at 0.9 mL/min). Dilutions were applied to samples and were prepared in triplicates. Calibration curves were made using AAS standard solutions (Sigma-Aldrich) in the range between 0.1 and 50 ppm. The final concentrations were calculated by using the MagIC Net software.
Biomass samples of 1 gTSS were destructed with Agua regia (mixture of 2.5 mL 65% HNO 3 and 7.5 mL 37% HCl) in a microwave reaction system (MultiwavePRO, Anton Paar GmbH, Austria) following the procedure described by Ismail et al. [16] . After the digestion, liquid samples were analyzed by Inductively Coupled Plasma Optical Emission Spectroscopy (Optima 5300DV, Perkin Elmer Instruments, USA) to determine calcium concentrations.
Biomass characteristics
Soluble microbial products (SMP) and extracellular polymeric substances (EPS)
SMP and EPS were characterized based on proteins and polysaccharides. EPS extraction was carried out by cation exchange resin method. The functional groups of EPS extracted at different phases were identified with a Fourier Transform Infrared (FT-IR) Spectrometer (Spectrum 100 Series Perkin-Elmer, UK) as explained by Muñoz Sierra et al. [6] . EPS was normalized against the biomass VSS concentration in the reactor.
Particle size distribution (PSD)
PSD measurements were carried out by using a DIPA-2000 EyeTech™ particle analyzer (Donner Technologies, Or Akiva, Israel) with an A100 and B100 laser lens (measuring range 0.1-300 μm and 1-2000 μm, respectively) and a liquid flow cell DCM-104A (10 × 10 mm). Furthermore, deflocculation was further studied using a digital microscope (Keyence VHX-5000) with VH-Z20UR lens set and 100× magnification.
Specific methanogenic activity (SMA) tests
SMA tests were performed in triplicate using an automated methane potential test system (AMPTS, Bioprocess Control, Sweden). All the SMA tests were carried out at 35°C following the method described by van Loosdrecht et al. [17] .
Microbial community and statistical analysis 2.5.1. DNA extraction and sequencing
DNA extraction was performed from both reactors' biomass samples by using the DNeasy UltraClean Microbial kit (Qiagen, Hilden, Germany). Qubit3.0 DNA detection (Qubit® dsDNA HS Assay Kit, Life Technologies, U.S.) and agarose gel electrophoresis were used to check the quantity and quality of the DNA extracted. 16S rRNA gene amplicon sequencing was carried out by the MiSeq Illumina platform and using the primers 341F (5′-CCTACGGGNGGCWGCAG-3′) 785R (5′-GACTAC-HVGGGTATCTAATCC-3′) for bacteria/archaea in the V3-V4 region (BaseClear, Leiden, the Netherlands). The sequences were analyzed using the QIIME pipeline (version 1.9.0). Demultiplexing and quality filtering were performed with Q = 20, r = 3, and p = 0.75 parameters. Chimeric sequences were removed with the UCHIME2 (version 9.0) [18] . Sequences were clustered into operational taxonomic units (OTUs) with a 97% similarity as the cutoff, with UCLUST algorithm [19] . Singletons were removed and OTUs with an occurrence less than three times in at least one sample were excluded. Taxonomic assignation was performed using the Silva database (SILVA-128) with UCLUST. For beta diversity, separate non-metric distance scaling (NMDS) analysis of the microbial community was made based on the unweighted Unifrac distance measure. Alpha diversity was analyzed following the guidelines of Hill [20] . Beta diversity plots were generated with the phyloseq and ggplot2 packages in the R environment. The sequences reported in this paper have been deposited in the NCBI SRA under the accession number SRP149410.
Fluorescent in situ hybridization (FISH)
Biomass samples taken from the AnMBR and UASB reactors were treated as cell suspensions and fixed on paraformaldehyde according to a procedure described previously and followed by DAPI staining [21] . Archaea were Cy3-stained using the Arc 915 Cy3 FISH oligonucleotide probe. Hybridized biomass samples were examined with a Zeiss Axioplan-2 epifluorescence microscope and Axiovision (release 4.8.2) software (Zeiss, Germany).
Statistical analysis
Statistical differences between the two reactors and among the reactor samples under different conditions were evaluated using ANOSIM and ADONIS analysis in the QIIME pipeline. Two comparing data sets were considered statistically different when a p-value ≤ 0.05 was determined. A t-test was done to determine statistical differences between the Alpha diversity measures.
Results and discussion
UASB and AnMBR reactors performance and conversion rates
UASB and AnMBR reactors treating phenolic wastewater were subjected to increasing sodium concentrations. Phenol removal efficiencies fluctuated between 84.4% and 99.8% in the UASB and a more stable removal of 98.1%-99.9% was observed in the AnMBR at 16 gNa + ·L −1 and influent phenol concentration of 0.5 gPh·L −1 (Phase I, Fig. 2A ). The corresponding phenol loading rate (PhLR) was 0.11 gPh·L −1 ·d −1 (Table 1) . Thereby, the AnMBR showed a lower total COD effluent concentration than the UASB reactor when operated at 16 gNa + ·L (Fig. 2B) (Fig. 2C) . The phenol conversion rates were 87.4 mgPh·gVSS −1 ·d −1 and 97.7 mgPh·gVSS −1 ·d −1 for the AnMBR and the UASB reactor, respectively ( Table 3 ). The observed phenol degradation rates were higher than reported in previous studies using AnMBR or UASB under high phenol and high sodium concentrations [14, 15] . UASB results in sodium inhibition. In contrast, this level of salinity made the AnMBR performance unstable but it continued performing with phenol and COD removal efficiencies of 96% and 80%, respectively, demonstrating that a membrane enhanced biomass retention was needed to overcome biomass losses resulting from high sodium concentration.
The specific methanogenic activities (SMAs) of the biomasses in both reactors are shown in Table 3 . SMAs were similar in phases I and II before the phenol loading rate was increased to 1.11 gPh·L −1 ·d −1 .
On day 322, at the end of phase II, the SMA of the UASB biomass decreased to 0.39 ± 0.08 gCOD-CH 4 *AnMBR biomass concentration was higher than the UASB, indicating that the reactor was under loaded. **Replicates were not available for these samples.
such a condition, the addition of osmoprotectants might promote recovery of methanogenic activity [25] . In phase IV on day 379, the SMA in the UASB was 0.16 gCOD-CH 4 ·gVSS −1 ·d −1 before the effluent phenol concentration increased in the UASB and deflocculating phenomenon occurred. It is also important to note that the rate-limiting step in phenol degradation to methane is the conversion to benzoate. The impact of high sodium and phenol concentrations could also have affected the phenol conversion step to benzoate, causing phenol accumulation in the reactor and subsequent failure of the methanogenesis [14] . The transmembrane pressure (TMP) and membrane resistance to filtration of the AnMBR indicated a stable filtration performance during the long-term operation with values of about 145 mbar and 6.8 × 10 12 m −1 , respectively.
Impact of high salinity on biomass characteristics
Particle size distribution (PSD)
The PSD of the biomass from both reactors expressed as volume fraction % is shown in Fig. 3 . After 283 days of operation and at 18 gNa + ·L −1 the biomass particle size of the UASB decreased with 57% compared to the inoculum. Thus, the UASB biomass presented a median particle size median size (D50) of about 146 µm, while the AnMBR D50 was about 56 µm. At 24 gNa + ·L −1 a greater reduction of 38% in particle size was observed in the UASB than in the AnMBR (27%). At 26 gNa + ·L −1 the particle size decreased further. The observed D50 was about 41 µm in the UASB reactor and 16 µm in the AnMBR on day 372. Previous studies have also indicated the reduction of biomass particle size under increasing salinity [16, 26] . As a consequence, the UASB biomass started to wash-out, and the sludge bed collapsed at about 26 µm on day 384 as will be discussed in Section 3.2.3. The effect of long-term calcium leaching on particle size due to high sodium concentration exposure as pictured in Fig. 4 became apparent with the noticeable particle size reduction in both reactors.
Extracellular polymeric substances (EPS) and soluble microbial products (SMP)
Proteins (PN) and polysaccharides (PS) were characterized as main constituents from the EPS and SMP in the biomass from both reactors at the end of each phase ( Table 4 found to be less variable than in the AnMBR. These results do not agree with Ismail et al. [16] who observed no differences on EPS content at 10 and 20 gNa + ·L −1 , most likely because of the different feed used that contained acetate, gelatine, and starch. In fact, EPS plays an important role in self-flocculating bacteria, which has been recently presented by Huang et al. [27] as a strategy to improve saline wastewater treatment. Furthermore, the FT-IR fingerprint spectra of the EPS extracted presented in Fig. S1 showed a broad region of adsorption between 3500 and 3000 cm −1 , which is attributed to the OeH bond and the aromatic CeH bond in phenol [28] . A clear peak around 3450 cm −1 is attributed to the OeH stretching from polysaccharides [29] . The two peaks at 1634 cm −1 and 1440 cm −1 are due to NeH, C-N and C]O vibration and stretching from secondary protein structures [32] . The latter peak increased its intensity notably for the UASB at 24 gNa (Fig. 4) . Apparently, calcium was leached with the high sodium concentration exposure between days 155 and 386, but increased at Correspondingly, severe UASB biomass deflocculation was observed ( Fig. 5A and C) . UASB median particle size decreased from 117 ± 82 µm at 24 gNa + ·L −1 to 26 ± 22 µm at 26 gNa + ·L −1 (Fig. 5B and D), indicating a clear disruption of the sludge bed due to high salinity. This supports the hypothesis that high sodium concentration reduces sludge strength by replacing calcium from the biomass matrix, thereby producing a weak dispersed sludge [10] . In our study, the conductivity was also measured and values over a range from 43 mS·cm −1 to 58 mS·cm −1 were observed. De Vrieze et al. [26] suggested that with high salinity an increase in conductivity up to 45 mS·cm −1 caused granular sludge disintegration and biomass washout. A substantial reduction in particle size from about 1290 to 54 µm was also associated with exposure to high salinity. In contrast to the observed deflocculation in our study, Li et al. [8] observed that granule size increased with higher sodium concentrations in a UASB up to 11.2 gNa + ·L −1 treating saline sulfate wastewater. Similarly, Sudmalis et al. [31] managed to obtain larger granules at 20 gNa ) and a longerterm of operation was applied. Calcium leaching occurred apparently faster in the AnMBR with a reduction in the calcium content in the biomass matrix and an increase in calcium content in the permeate at high salinity, implying that calcium leaching is rather related to biomass properties rather than to reactor configuration. However, despite the fact that calcium can support granulation by forming cationic bridges with extracellular polymeric substances (EPS) [32] , other studies have shown that concentrations higher than 1 gCa 2+ ·L −1 [33] have no positive effects on granulation and even detrimental effects on microbial activity. Kobayashi et al. [34] indicated that calcium addition (0.32-0.64 gCa 2+ ·L −1 ) accelerated biofilm formation but this positive effect is strongly counteracted by sodium concentrations as low as 3.45 gNa + ·L −1 due to competition for limited cation binding sites. The different results suggest that cationic bridges formation at high sodium concentrations for cell aggregation are still not well understood. Antagonistic or synergistic effects with other cations like potassium [15, 35] also cannot be overlooked.
Microbial community comparison
Microbial community structure and dynamics
Microbial community analysis resulted in 48841 ± 21479 reads and 958 OTUs in the UASB, while 56951 ± 5381 reads and 944 OTUs were obtained in the AnMBR. Microbial community structure of the reactor biomass was analyzed by next-generation sequencing targeting the 16S rRNA gene along the different operational phases. At the order level (Fig. 6A) , the most dominant bacteria in the reactors (UASB, AnMBR) were Clostridiales (16.66%, 15.61%), Natranaerobiales (9.83%, 6.89%), Synergistales (3.78%, 3.95%), BA021 (3.52%, 5.42%), Thermotogales (1.25%, 5.36%) and Bacteroidales (8.21%) in the UASB. (7.01%), Natranaerobiales (7.10% ML1228J-1; 3.56% YAB3B13) and Synergistales (17.06%, Thermovirgaceae) dominated in the AnMBR. This could potentially suggest a shift induced by high salinity from acetoclastic methanogenesis to syntrophic acetate oxidation coupled with hydrogenotrophic methanogenesis, as reported earlier for Clostridiales [37] . Thermovirgaceae increased about two-fold within phase I and III when the highest soluble protein (SMP-PN) content was observed in the AnMBR corresponding with its protein/amino acid degradation nature. Conversely, the UASB presented a higher variability than the AnMBR in the bacterial relative abundance. SBR1031 (1.31%, SHA-31), Enterococcus (1.51%), Clostridium (6.77%), Pelotomaculum (1.16%), Tissierella Soehngenia (1.60%), Natranaerobiales (1.57%, Anaerobrancaceae; 5.69%, ML1228J-1; 7.98%, YAB3B13) and Synergistales (2.27%, Thermovirgaceae) were the most abundant microorganisms. Methanosaeta (54.35%) dominated as Archaea (Fig. 6B) . FISH (Fig. 7A ) confirmed the dominance of archaeal filamentous cells in the UASB, positive to the ARC915 probe (in red) after 371 days of operation. There was a clear difference in the morphology of the biomass cells. In the UASB robust and long filaments in conglomerates were observed (Fig. 7B ). In the AnMBR (Fig. 7C) Methanosaeta remarkably increased to 51.46% in the AnMBR, while Methanobacterium decreased its relative abundance to 11.37%. High sodium concentrations apparently resulted in a strong increase in abundance of Methanosaeta, which was not the case for the other methanogens, confirming that at high salinity, salt-tolerant methane-producing archaea can be enriched [38] . However, as also observed by De Vrieze et al. [22] , this high abundance does not automatically reflect a high activity, which could explain the lower SMA at 24 and 26 gNa + ·L −1 . Only in the AnMBR, hydrogenotrophic methanogens were present in relatively high abundance. Pelotomaculum, a syntrophic aromatic compound degrader, presented the highest abundance in this phase whereas Clostridiales decreased to 3.2% (Fig. 6A) . In the UASB, an increase of 3.70% in relative abundance from Clostridiales, 4.56% of Synergistales (Thermovirgaceae), and the decrease of Natranaerobiales from 15.31% to 8.27% were observed.
The changes in community structure over time, and with respect to the different salinity and phenol loading rates applied was analyzed by non-metric distance scaling (NMDS) (Fig. S3) . The NMDS analysis indicated that the microbial community in the AnMBR and UASB reactor shifted due to the increase in salinity conditions and phenol loading rate and were dissimilar even though they were exposed to similar operational conditions. Three distinct clusters could be identified, containing the inoculum, UASB and AnMBR reactors samples. The analysis of similarity (ANOSIM) statistical test demonstrated significant differences (p = 0.04) of the microbial community composition and a high separation (R = 0.68) for both reactors. Furthermore, ADONIS statistical test revealed that in the UASB the microbial composition at 16gNa + ·L −1 was significantly different (p = 0.01, R 2 = 0.42) compared to the samples exposed to higher salinity, whereas in the AnMBR the microbial population at 26 gNa + ·L −1 showed significant differences (p = 0.01, R 2 = 0.32), compared to the phases under lower sodium concentrations.
Microbial community diversity analysis
The change in microbial community structure in response to a disturbance such as an increase in salinity was evaluated via alpha diversity analysis using the Hill diversity order numbers approach [20] . Differences were observed among the three Hill diversity orders for the microbial community of the UASB and AnMBR. A higher richness (H 0 ) was observed in the UASB compared to the AnMBR in Phase I and Phase IV (Fig. 8A) , while this was not the case for Phases II and III. The diversity in AnMBR (H 1 ), i.e., the abundance of all species and evenness ratio, was comparable to the UASB under the applied conditions (Fig. 8B ) without significant differences along the phases (p = 0.11).
The H 2 diversity in the AnMBR was higher than for the UASB in phase I (57%), phase II (48%) and phase III (36%), demonstrating that there were more dominant species in the AnMBR (Fig. 8C) . High species richness and diversity are related to increased resilience, as a larger pool of microorganisms augments the probability to maintain functionality to respond to disturbances such high salinity [39] . Furthermore, the species evenness (Fig. 8D ) of the AnMBR was significantly higher than that of the UASB in all phases (p = 0.047), representing a more stable community composition. This is in line with the observation that microbial communities with greater evenness exhibit higher methanogenic robustness. A more even community has a higher potential to use redundant functional pathways under perturbations, leading to a more stable anaerobic digestion process [40] .
Overall, the AnMBR exhibited better stability and more efficient treatment under long-term high sodium concentrations than the UASB. The question that remains under discussion is whether under random sodium concentration fluctuations a membrane enhanced retention system can permanently maintain microbial stability and robust performance. Further research could, for example, evaluate whether an online calcium supply control strategy can minimize the impact of high sodium concentration on biomass properties when calcium leaching takes place independently of the reactor configuration. The findings of this study highlight the potentials for the AnMBR technology application for chemical wastewater streams under extreme conditions that are more difficult to be overcome by conventional high rate anaerobic technologies such as a UASB.
Conclusions
This study focused on the comparative assessment of a UASB reactor and an AnMBR with respect to the phenol degradation under high Fig. 7 . A. FISH from UASB reactor. B. Sludge morphology in UASB , C. Sludge morphology in AnMBR after 371 days of operation. The samples were hybridized with the probe specific for archaea (ARC915, red) and were stained with DAPI (blue). Scale bar = 20 μm. salinity conditions. The AnMBR process exhibited better stability and performance than the UASB for the treatment of the phenolic wastewater over a range of 16 , leading to reactor failure. Concomitantly, a median particle size reduction in both reactors to about 26 μm in the UASB and 16 μm in the AnMBR revealed a clear impact of the increase in sodium concentration on biomass aggregation. Additionally, high salinity promoted a higher variability in microbial community composition on the genus level in the UASB compared to the AnMBR, which reflects the susceptibility of certain microorganisms in biofilms to high salinity. Hence, the AnMBR showed significantly higher species evenness than the UASB, exhibiting higher methanogenic activity due to its greater probability to maintain functionality and to respond to disturbances such as high phenol and sodium concentration increases.
Overall, this study demonstrated that two high-rate anaerobic reactor configurations with different biomass retention systems (biofilmgranule in UASB and membrane in AnMBR) resulted in a diverse performance and stability when treating phenolic wastewater under high salinity. 
